ABSTRACT The study of venodilator tolerance to nitroglycerin has been complicated by reflex compensation and by problems in analyzing venous tone in the presence of multiple determinants of venous pressure. We assessed venous tone as total effective vascular compliance (TEVC) undei autonomic blockade in six dogs, in the nontolerant state, and during a 5 day infusion of nitroglycerin (1.5 ,ug/kg/min). Under long-term treatment, baseline TEVC was unaffected and the nitroglycerin dose-response relationship for TEVC was shifted to greater than 10-fold higher doses, whereas baseline mean arterial pressure (MAP) was lowered by 17 3 mm Hg without any shift in nitroglycerin responsiveness. This lowering of MAP was observed only after autonomic blockade. In six additional dogs instrumented with aortic flow probes, nitroglycerin (1.5 ,ug/kg/min) induced a 15 + 1% decline in peripheral vascular resistance (PVR) under autonomic blockade, but with reflexes intact these dogs showed no change in PVR and a 21 + 10% increase in norepinephrine release rate. We conclude that modest long-term exposure to nitroglycerin results in tolerance to its venodilating effects, whereas arteriolar action is maintained. This tolerance-induced shift in action from venous toward arteriolar dilation is normally masked by compensatory reflexes.
ceptibility of the venous and arterial systems to the development of nitrate tolerance in vivo, 8' 9, 10, 22 there is still no general agreement concerning the specific response of either system to long-term nitroglycerin. Some groups report a preferential venous vs arterial tolerance,9' 10 and others demonstrate an opposite result,7',8 even questioning whether tolerance to venodilation occurs at all. 8 The importance of choosing a selective index of drug effect in studying nitroglycerin tolerance has been stressed,15' 22 as well as the need for consideration of compensatory mechanisms, especially in relation to the effects of nitroglycerin on arterial pressure.22 Therefore, this study was designed specifically to investigate the venodilator actions of nitroglycerin in vivo both before and during long-term exposure to the drug by measuring its effect on total vascular compliance. Autonomic blockade was used to assess the contribution of neurogenic mechanisms to the hemodynamic profile of nitroglycerin under tolerance.
In addition, we investigated the mechanism of nitrate tolerance in vivo by examining for possible cross-tolerance with SIN-1, the NO-containing active metabolite of molsidomine. Because studies in vitro have shown continued activity of SIN-1 in the face of tolerance to nitroglycerin,23 we tested whether this selectivity could be demonstrated in vivo. Furthermore, since a deficit of cellular S-H groups has been proposed as a mechanism underlying nitroglycerin tolerance, 1, 21 24 the use of SIN-i, which has no such requisite interaction,25 might provide additional clues toward an understanding of this state.
In dogs under sustained parenteral nitrate treatment, we document specific tolerance to the venodilator effects of nitroglycerin but no demonstrable tolerance to its action on arterial pressure when autonomic reflexes were inhibited.
Methods
Animals. Six mongrel dogs of either sex, weighing 19 to 36 kg (mean 24 + 3), were studied both in the control state and during long-term infusion of nitroglycerin in a crossover protocol. Two weeks before initiation into the series, polyethylene catheters for long-term drug infusion were implanted into the external jugular vein percutaneously, with animals under pentobarbital anesthesia, and tunneled subcutaneously to the back. At each subsequent evaluation, the dogs were again anesthetized and catheterized as described below. Intervals of at least 2 weeks were allowed between consecutive experiments in the same dog. The dogs were kept on a standard diet containing 2 to 4 meq/kg Na+ per day with free access to tap water. During the experimental period the dogs maintained their body weight and remained in vigorous condition. In a separate experimental senes (validation experiments), an additional seven dogs were prepared for long-term study with electromagnetic aortic flow probes (Gould/Statham) implanted around the ascending aorta and aortic catheters. Instruments were implanted by means of a left thoracotomy, with animals under pentobarbital anesthesia. At least 10 days were allowed for full recovery before the first experimental evaluation. All studies were performed in accordance with the guidelines of the American Physiological Society.
Design of the long-term nitroglycerin treatment study.
The six dogs in the long-term treatment series were evaluated both under control conditions and under long-term infusion of nitroglycerin (table 1) . Three of these six animals were evaluated first under control conditions (i.e., without prior long-term exposure to nitroglycerin), and the second experiment, 14 days later, was performed during long-term nitroglycerin treatment. 8 .4% sodium bicarbonate intravenously as necessary. Body temperature was kept at 37.00 to 38.50 C by means of a heating pad. Two peripheral intravenous lines were inserted for separate infusion sites. The femoral artery was punctured percutaneously and a catheter was inserted for the changing of blood volume and arterial blood sampling. A second catheter was placed in the right atrium via the external jugular vein for recording of central venous pressure (CVP). The position of both catheters was verified fluoroscopically. Reflexes were minimized by ganglionic blockade (hexamethonium 10 mg/kg and 10 mg/kg/hr, methylatropine 0.5 mg/kg) and ,8-blockade (2 mg/kg nadolol). Heparin was administered intravenously (500 U/kg initial and 250 U/kg/hr maintenance). A 4 ml/kg volume of dextran (Macrodex) was exchanged for the same volume of blood, which was stored in a water bath at 370 C. Saline and dextran were infused continuously, both at a rate of 2.5 ml/kg/hr after an initial infusion of 10 ml/kg over an equilibration period of 45 min. The total duration of the experimental protocol was 180 to 200 min. After completion of the evaluation, all infusions were stopped, protamine was given, the short-term catheters were removed, and the dogs were allowed to recover.
Measurements. Arterial and venous pressures were measured with Statham P23 pressure transducers and recorded continuously on a Watenabe linear recorder. Effective compliance of the total vascular bed (TEVC) was measured by infusion and withdrawal of whole blood in a defined cycle, with careful registration of the induced changes in CVP, according to a modification of the technique of Gauer's group.26' 27 The stored blood (4 ml/kg) was reinfused into the abdominal aorta at a rate of 2 ml/kg/min. After a 1 min pause, the same volume of blood was withdrawn at the same rate, and 1 min thereafter an identical withdrawal was repeated. This was followed again by reinfusion in the same manner, the total cycle lasting 11 min. From the CVP tracings recorded during such cycles, 12 readings at 1 min intervals were obtained (integrating CVP over several respiratory cycles for each measurement) (figure 1). For each cycle of volume changes a linear regression was calculated, relating the observed venous pressure values to the induced changes in blood volume. The effective compliance of the vascular bed can be calculated as the inverse of the slope of this regression line (ml/mm Hg/kg).
Experimental protocol. After steady-state hemodynamic measurements had been taken with the dogs under anesthesia, autonomic blockade was applied and the first determination of effective vascular compliance was performed as described biseline GTN figure 2 .
With the dogs under long-term nitroglycerin exposure, the dose-response relationships were determined as described above, except that nitroglycerin was continuously infused, throughout the evaluation, at the level of long-term exposure (1.5 pug/kg/min) and higher nitroglycerin doses were required to establish a dose-response relationship (2.0, 3.0, 6.5, and 16.5 pug/kg/min). In the sham-treated dogs, the alcohol infusion was continued throughout the experiment, but in all other respects the dogs were handled in a manner identical to that for the animals in the nontolerant state. In both these groups, SIN-1 was administered as described above. In one of these dogs, a cable leak caused the aortic flow probe to malfunction. In the remaining six animals, the hemodynamic effects of nitroglycerin (0.5 and 1.5 ,ug/kg/min for 15 min) were measured during anesthesia, autonomic blockade, and norepinephrine infusion as described above for the long-term treatment series (table 2) . During assessment of TEVC in these In two of the dogs with aortic flow probes, the hemodynamic effects of short-term infusions of incremental concentrations of alcohol (equivalent to 0.5 to 5.0 ml/hr of the 99% solution) were studied. There was no discernible action of alcohol on any of the hemodynamic variables even at doses up to 10-fold higher than those encountered in the long-term infusion of nitroglycerin. Validation experiments. In the six dogs in the nontolerant state with functional aortic flow probes, the effects of nitroglycerin were studied during anesthesia, autonomic blockade, and norepinephrine infusion as described above. Nitroglycerin caused a dose-dependent decline in MAP and a fall in peripheral resistance of 15 ± 1% (figure 7). TEVC was augmented in a dose-dependent manner by nitroglycerin in these dogs (data not shown). The variation in cardiac output induced by the blood volume changes necessary for the measurement of TEVC was rather low. With animals under baseline conditions (autonomic blockade and norepinephrine infusion) we observed a change in cardiac output of 0.5 ± 0.2% for each milliliter per kilogram change in blood volume. During infusion of nitroglycerin (0.5 and 1.5 gg/kg/min), the change in cardiac output was 0.3 ± 0.4% and 0.7 ± 0.4%, respectively. However, during autonomic blockade, before norepinephrine infusion, this value was significantly higher (2.5 ± 0.4% per ml/kg).
The effects of hexamethonium on MAP in the dogs under long-term nitroglycerin treatment (figure 6) implicate the autonomic nervous system in buffering the arteriolar effects of nitroglycerin. Therefore, variables of sympathetic nervous system activation were studied in the conscious dogs in the nontolerant state (reflexes intact) prepared for measurement of peripheral resistance (implanted flow probes) during infusion of nitroglycerin. The release rate of norepinephrine into plasma increased by 21 ± 10% during the 20 min infusion (figure 8). The plasma levels of norepinephrine and epinephrine increased similarly, whereas the clearance of norepinephrine (89 ± 3 ml/kg/min before nitroglycerin) was not changed (85 ± 8 ml/kg/min under nitroglycerin). Surprisingly, heart rate in the conscious dogs did not increase during infusion of nitroglycerin (figure 8). Peripheral resistance (n = 6; 0.80 ± 0.07 578 mm Hgkg-min/ml) and cardiac output (n = 6; 129 ± 9 ml/kg/min) did not change significantly (0.80 ± 0.08 mm Hgkg-min/ml and 126 ± 10 ml/kg/min, respectively) with nitroglycerin in these conscious dogs. The second limitation is the inability to control for changes in cardiac output during the experimental manipulations. This limitation is more specific to the present model since, by virtue of its relatively noninvasive nature, it leaves the vascular circuit intact. Because cardiac output is not maintained constant, the compliance measured can be considered only an "effective" compliance. 26 30 Under our conditions of norepinephrine stimulation, in which the dose-response relationships were established, there was remarkably little variation of cardiac output during the measurement of effective compliance (only 0.5% change per ml/kg). This approaches fulfillment of the prerequisite for a "true" compliance determination. 30 Therefore the increases in TEVC measured in response to nitroglycerin and SIN-1 reflect predominantly their effects on the venous system, and the tolerance with respect to changes in effective compliance seen after long-term nitroglycerin exposure reflects an attenuation of the venodilator effects of nitroglycerin.
"True" vs "pseudo" tolerance. The argument that this venodilator tolerance represents a tolerance at the cellular "effector" site, rather than a regulated "pseudo" tolerance, is supported by two lines of evidence in our data. First, during the measurement of venous tone, neurogenic vascular control was markedly attenuated by ganglionic blockade with hexamethonium and methylatropine. Second, the ability of SIN-1 to augment effective vascular compliance was unaltered by induction of nitroglycerin tolerance showing continued responsiveness of the low-pressure system to the venodilator effects of this NO-containing vasodilator. Thus this nitroglycerin tolerance could not have resulted from a nonspecific attenuation of dilator responsiveness of the venous system due to possible alterations of volume or electrolyte balance. The lack of cross-tolerance with SIN-1 is in agreement with observations in vitro,23 25 which suggest that although nitroglycerin and SIN-1 share a common underlying cellular mechanism for their vasodilating effects (i.e., stimulation of guanylate cyclase and increased cyclic GMP levels), they exhibit different requirements with respect to earlier steps in the pathway, in particular the somewhat controversial requisite nitrate interaction with cytoplasmic cysteine. i, 19, 21 Before autonomic blockade, the arterial pressure in the tolerant state (under ongoing nitroglycerin infusion) was not lower than that of the same dogs in the nontolerant state (no ongoing nitroglycerin), apparently indicating tolerance of arterial pressure to nitroglycerin ( figure 6 ). This dose of nitroglycerin (1.5 ,rg/kg/ min) is below that usually described as the threshold for arteriolar effects37 38 and did not result in a lowering of peripheral resistance in our conscious dogs in the nontolerant state (see Results: Validation experiments). However, at the same time, the rate of norepinephrine release was significantly increased in these conscious dogs (figure 8), indicating a compensatory increase in sympathetic activity. When anesthesia and autonomic blockade were applied in the same animals without tolerance, this dosage of nitroglycerin resulted in a highly significant decrease in peripheral vascular resistance and a substantial decline in MAP ( figure 7) . Similarly, in the dogs under long-term nitroglycerin exposure (i.e., the tolerant state), autonomic blockade unmasked a continued hypotensive action of the ongoing nitroglycerin infusion (figure 6), demonstrating that the apparent tolerance to nitroglycerin's arterial pressure effects was, in all likelihood, only a pseudo tolerance. Even though cardiac output was not directly measured in the chronically treated group, it seems reasonable to attribute the arterial pressure response to the persistence of the same action of nitroglycerin on the arteriole (and hence vascular resistance) described with short-term exposure. This is especially true in view of the blunting of nitroglycerin's venous effects (i.e., on preload), so that the cardiac output of the animals under tolerance should be greater, not less, than that of animals in the nontolerant state.
Therefore, during a 5 day course of intravenous nitroglycerin, we observe a true nitroglycerin-specific tolerance to venodilation, but only a pseudo tolerance to nitroglycerin effects on peripheral vascular resistance, mediated by a discrete action of neurogenic compensatory mechanisms.
Venous vs arterial tolerance. In a plethysmographic study, Zelis and Mason10 showed the development of tolerance to the venous effects of nitroglycerin in healthy subjects on long-term isosorbide dinitrate treatment but observed a maintenance of its effects on resistance vessels in this localized bed. Since this observation, the relative susceptibility of the arteriolar and venous beds to nitrate tolerance has been a matter of dispute. Results in patients with congestive heart failure in particular have been interpreted as suggesting arteriolar rather than venous tolerance on sustained nitrate exposure.8 The rapid attenuation of nitrate effects on arterial pressure, which has been described in many clinical studies,`has strengthened this impression. However, few studies have measured the venodilator effects of nitroglycerin directly. Recently Manyari et al. 15 reported that long-term nitrate treatment markedly attenuates the effects of nitroglycerin on vascular 580 capacitance. Our results confirm that tolerance to nitroglycerin venodilation develops readily. Furthermore, we have shown that venous tolerance is not altered by attenuation of compensatory reflexes. However, after minimization of these influences, a preserved action of nitroglycerin on resistance vessels becomes apparent.
In this context it should be stressed that the arteriolar events during long-term nitroglycerin exposure are complex. At least three mechanisms may contribute to the blunting of nitroglycerin hypotensive effects during long-term nitrate treatment observed clinically:
(1) Development of venous tolerance per se. The drop in arterial pressure caused by nitrate administration is often associated with a decrease in cardiac output and hence no change in peripheral resistance.`3' 37' Therefore, to a large extent, this hypotensive response reflects a decrease in venous return due to venodilation, with any possible arteriolar actions effectively masked by sympathetic reflexes.',`Thus, if nitroglycerin-induced venodilation is attenuated (i.e., by tolerance), regardless of its direct arteriolar effects there will be an attenuation of the nitroglycerin hypotensive action.
(2) Sympathetic reflexes. These have been shown to completely mask direct arteriolar effects of nitroglycerin during short-term treatment,1-3 and our results point to a similar mechanism operating during longterm exposure. In clinical studies of nitrate tolerance, the extent to which this may contribute must be assessed by indirect methods.' Heart rate alone is probably an insensitive index of sympathetic activity as evidenced by the lack of a change in this variable in our conscious dogs even when the measured rate of norepinephrine release was significantly increased (figure 8).
(3) The development of "true" tolerance to nitroglycerin arteriolar actions. Although this was not achieved in the present study, it is likely that a higher degree or a longer interval of exposure would result in tolerance at the level of the resistance vessels themselves. What is important is that the time course and/or threshold for development of tolerance to nitrates differs between the compliance and the resistance beds. In our study, during a relatively brief, continuous intravenous infusion (comparable to a course of intravenous nitroglycerin in an intensive care unit), venous tolerance predominated.
Relevance to therapeutic actions of nitroglycerin. Recent studies have documented development of tolerance to the antianginal effects of nitrates with long-term treatment.57 '. 1.2 The mechanisms by which nitrates relieve myocardial ischemia are complex. 40 However, in chronic stable angina, the venous effects of nitroglycerin are considered to be of "paramount importance."7 Therefore the tolerance to nitroglycerin-induced venodilation observed in our study agrees well with these clinical observations and with the observations of others. ",`I n another study we have observed tolerance to large coronary artery dilation in awake dogs, with the same nitroglycerin exposure and similar time course as for venodilation (Stewart et al., unpublished observations), and such a mechanism might contribute to antianginal tolerance.
Studies on long-term use of nitrates in patients with congestive heart failure have generally shown a sustained therapeutic benefit.8 22 In particular, Leier et al.8 have suggested that a persistent lowering of pulmonary wedge pressure, in patients with congestive heart failure on long-term nitrate treatment, reflects the absence of tolerance to venodilation, whereas the loss of nitrate action on arterial pressure and peripheral resistance indicates an arteriolar tolerance. This is in apparent conflict with our observations. However, this lowering of pulmonary wedge pressure was seen 5 to 6 hr after the last dose of isosorbide dinitrate and was not further lowered 1 hr after an additional dose. Franciosa and Cohn22 demonstrated a similar decrease in pulmonary arterial wedge pressure in their long-term treatment group more than 8 hr after the last dose of isosorbide dinitrate, which, as they pointed out, exceeds the known duration of action of a single dose. Under longterm nitrate treatment, its duration of action may even be shorter (i.e., less than 3 hr).7 They argue that this decrease in pulmonary arterial wedge pressure "need not necessarily reflect a venodilatory action," but rather "decreased end-systolic and end-diastolic volumes due to decreased ventricular out-flow resistance." Experience with short-term vasodilator treatment in patients with congestive heart failure suggests that only modest decreases in left ventricular end-diastolic pressures can be achieved over the short term from predominantly arteriolar dilators such as hydralazine.4B ut over the long term, improved ejection characteristics may result, through a variety of indirect mechanisms (i.e., increased renal perfusion, improved diuretic responsiveness),42 in further decreases in preload. This might explain the decreases in left heart filling pressures, seen in these studies, persisting past the expected duration of nitrate action. As discussed above, the lack of a decrease in arterial pressure or peripheral vascular resistance at rest should not necessarily be taken as evidence of arteriolar tolerance. We have shown that compensatory mechanisms strongly regulate these variables during long-term treatment. In Vol. 74, No. 3, September 1986 fact, the increased exercise capacity observed in both studies8' 43 may support the concept of continued arteriolar nitrate action.
We have described two processes occurring in healthy dogs under long-term treatment with nitroglycerin: true tolerance to nitroglycerin venodilation but continued arteriolar responsiveness offset by discrete neurogenic regulation. The extent to which these same mechanisms operate in patients under long-term nitrate treatment is not known. Experience with long-term nitrates in patients with chronic stable angina pectoris indirectly supports our venous findings,5' 7 11, 12 while a recent clinical study directly confirms important nitroglycerin venous tolerance in patients.15 A continued action of nitroglycerin on resistance vessels, although normally masked by counterregulatory influences, might be manifested indirectly, contributing, for instance, to the improved hemodynamics and better exercise capacity observed in patients with heart failure on long-term nitrate therapy.8' 22, 43 Therefore, such a shift in the spectrum of nitroglycerin action from a predominant venodilator toward arteriolar action under conditions of nitroglycerin tolerance might have important clinical implications and warrants attention in future clinical trials.
